Blast furnace (BF) slags are commonly applied as soil amendments and in road fill material. In Sweden they are also naturally high in vanadium. The aim of this study was to assess the vanadium bioavailability in BF slags when applied to soil. Two soils were amended with up to 29 % BF slag (containing 800 mg V kg -1 ) and equilibrated outdoors for 10 months before conducting a barley shoot growth assay. Additional soil samples were spiked with dissolved vanadate(V) for which assays were conducted two weeks (freshly spiked) and 10 months (aged) after spiking. The BF slag vanadium was dominated by vanadium(III) as shown by V K-edge XANES spectroscopy. In contrast, results obtained by HPLC-ICP-MS showed that vanadium(V), the most toxic vanadium species, was predominant in the soil solution. Barley shoot growth was not affected by the BF slag additions. This was likely due to limited dissolution of vanadium from the BF slag, preventing an increase of dissolved vanadium above toxic thresholds. The difference in vanadium bioavailability among treatments was explained by the vanadium concentration in the soil solution. It was concluded that the vanadium in BF slag is sparingly available. These findings should be of importance in environmental risk assessment.
Introduction
More than 1 500 million tons of steel is produced every year worldwide [1] . This leads to the generation of at least twice as much waste materials. A large fraction of the waste materials consists of blast furnace (BF) slag, which is formed during the making of pig iron by residues from the ore, reducing agents (e.g. coke) and fluxes (e.g. limestone). Due to its alkalinity and physical properties, BF slags are used as soil amendments or applied in road materials and cement [2] . A potential risk with the use of BF slag is leaching of trace elements [3] . The trace element concentrations of the BF slags depend mainly on the background concentrations in the ore. The iron ore mined in Sweden is found in an area with naturally high vanadium concentrations [4] . This results in BF slags that are naturally high in vanadium and concentrations can reach above 500 mg V kg -1 [5] . The BF slag is considered relatively inert [6] and data of vanadium leaching from BF slags are scarce [7] . Availability tests, which estimate the potential leaching, have shown that about 10 % of the vanadium in BF slag can be leached [8] . Generally, the pH and redox conditions are the main factors affecting the solubility of trace elements in slags. Oxidized conditions under natural ageing enhance vanadium solubility [8, 9] .
Vanadium is often strongly retained in soils [10] [11] [12] [13] , and metal (hydr)oxides are important for vanadium sorption [14, 15] . The retention of vanadium in soils is most pronounced around pH 4 [11] . Vanadium may be leached either at very low pH (<4), or at high pH (>8), due to pH-dependent differences in sorption affinity [10, 16] . The pH value also affects vanadium speciation. Vanadium is a redox-sensitive element that can exist in several different oxidation states, of which +4 and +5 are the most soluble ones in the environment [17] . Vanadium(IV)
is an oxocation stable at low pH and is readily complexed to humic substances [18] . Pentavalent vanadate may be stable above pH 3.6 and sorbs as an oxyanion to iron (hydr)oxides, e.g. goethite [19] . Vanadate(V) is the most commonly occurring redox species in soils and also the most toxic [20, 21] . Due to its similarity to phosphate, vanadate can inhibit enzymes such as ATPase and alkaline phosphatases.
The median vanadium concentration in European top soils, based on aqua regia digestion, is 33 mg V kg -1 soil, and the range is from a few mg kg -1 up to almost 300 mg V kg -1 [22] . The guideline value for sensitive land use is set to 100 mg V kg -1 by the Swedish EPA [23] . Vanadium phytotoxicity in soil varies across soils and plant species. For example, the toxicity (EC50) of vanadate(V) to barley and tomato seedlings was tested in five different soils, and it ranged between 18 and 230 mg added V kg -1 soil [15] . Further, pot experiments testing phytotoxicity by adding V 2 O 5 to an artificial soil at different nutrient levels had similar ranges of EC50 values (21-180 mg V kg -1 ) in a selection of five different plant species [24] . The wide range of threshold values becomes smaller if expressed as vanadium concentrations in soil solution [15, 25] .
The leaching of vanadium from alkaline waste materials depends on its redox speciation [7] . The vanadium speciation of BF slags is however generally unknown. The use of V K-edge XANES spectroscopy to determine vanadium speciation in basic oxygen furnace (BOF) slags revealed a 50:50 mixture of vanadium(III) and vanadium(V) in the material [26] . During natural ageing, the fraction of the more soluble vanadium(V) species increased [9] . In contrast to the BOF slag, the BF slag is produced under reductive conditions by adding coke as a reducing agent, and it can therefore be hypothesized that vanadium in BF slags occurs in even lower valence states.
The objective of this study was to determine the bioavailability of vanadium in BF slags added to soil. It was hypothesized that only a small fraction of the total vanadium in the slags is accessible as vanadate(V), the most toxic redox species of vanadium. Different concentrations of two commercially used BF slags, M-kalk and Merit 5000, were added to two soils and aged for almost one year. Barley shoot growth was thereafter tested in the soils and the plant uptake of vanadium was compared to that from soils with freshly added vanadate(V). Such a comparison allows us to translate soil vanadium limits, based on toxicity tests with freshly added vanadate(V), into soil limits for BF slags. Bioavailability across different vanadium treatments and soils was evaluated by using the vanadium plant uptake and applying the soil solution perspective.
Materials and Methods

Blast furnace slags and soils
Two blast furnace (BF) slags, M-kalk and Merit 5000, were mixed into two different soils, Pustnäs and Säby, in different concentrations (Table 1 and Table 2 ). The slags were commercially available products, produced in the SSAB Oxelösund steelworks between 2006 and 2009. Total element analysis was performed by fusion with lithium metaborate followed by dissolution in diluted nitric acid. The results showed that the two BF slag contained about 800 mg V kg -1 ( Table 1 ). The soils were collected in 2009 by sampling down to 20 cm depth with a spade. Subsequently, the soils were air-dried, sieved to 2 mm, and stored in sealed plastic containers until further use. A detailed description of soil properties is provided in Larsson et al. [15] .
Vanadium speciation analysis: XANES spectroscopy and HPLC-ICP-MS
Vanadium valence states in the two BF slags were determined by X-ray absorption near edge structure (XANES) spectroscopy at the vanadium K edge. In addition, XANES spectra were recorded for one reference sample of each soil and for one sample that had been equilibrated with dissolved vanadate(V) at 114. The collected spectra were processed in the Athena software ,version 0.8.056 [28] , where replicate scans were aligned, merged and energy-calibrated to that of the reference foil. The first derivative maximum of the K-edge of vanadium metal, E 0 , was set to 5465 eV. All samples were normalized by fitting two parallel lines in the preedge and post-edge regions, according to Wong et al. [29] . The pre-edge peak area and intensity of the spectra were thereafter determined from the peak-fit function in Athena by which the base-line was fitted with an arctangent and an error function, whereas and the peak was fitted with a combination of Gaussian functions. The best fit was selected based on the lowest R-factor:
The R-factor varied from 0.01 to 0.0004 between samples. The E 1/2 (the energy where the normalized intensity of the main edge equals 0.5) was determined from the normalized spectra. EDTA complexation followed by HPLC-ICP-MS measurement was applied to determine the vanadium oxidation state in water extracts of the slags and in the dissolved phase of the soils. For the slags, 100 mL of 
Soil treatments
The two soils were amended with four different concentrations of M-kalk and Merit 5000 (0.1, 1, 10 and 29 %)
in four replicates per concentration. These amendments corresponded to vanadium additions of between 0.8 and 230 mg kg -1 soil, based on the total vanadium concentration of 800 mg kg -1 BF slag. The slags were added to the soil to a total weight of 5 kg. The slag-amended soils were then homogenized with a garden spade and moistened with 500 mL of deionized water. In addition, four replicates with no slag amendments, and four replicates with 5 % CaCO 3 additions as a lime control were prepared. In all cases, 100 mL of water per kg soil was added. The soils were placed in plastic pots with free drainage and kept outdoors in Uppsala, Sweden, for 10 months.
Subsequently, the soils were air-dried and stored in sealed plastic containers during three to four months until the plant growth assay was performed.
Shoot growth tests performed on the same soils but treated with a range of vanadate(V) concentrations (0, 3.2, 10, 32, 100, 320, 1000 and 3200 mg V kg -1 soil) were also included in this study. One set of the soils was referred to as "freshly spiked" soils. This set of soils, was amended with the dissolved vanadate(V) salt two weeks before the shoot growth test. Another set of the same soils, referred to as "aged" soils, was spiked with the above vanadate(V) concentrations and kept outside for 10 months, in the same manner as described above for the slag amended soils, before conducting the assay. A detailed description of the freshly spiked and aged soils is found in Larsson et al. [15] and Baken et al. [25] , respectively.
Barley shoot growth assay
The barley shoot growth assay was performed according to ISO 11269-2 [32] . Before starting the assay, all replicates for each soil treatment were separately wetted and incubated in the dark in 20 °C for one week and then fertilized with 50 mg P kg -1 and 100 mg N kg -1 (as KH 2 PO 4 and KNO 3 respectively). After another week of incubation, approximately 500 g of each soil sample was placed in a pot, and ten germinated summer barley seeds (H. vulgare L.) were evenly sown in each pot. The seeds were placed about 0.5 cm below the soil surface and then covered with 1cm of inert plastic beads to minimize water losses. The pots were placed in a growth chamber with 70 % humidity, with the light (intensity 650 mol photons m -2 s -1 ) set to 16 h per day at a temperature of 20 °C and the 8 dark hours set to a temperature of 16 °C. As soon as more than 70 % of the shoots in each pot had emerged (after three days) they were reduced to five shoots per pot. Water losses were compensated on a daily basis. After 12 days, the plants were cut just above the soil surface, dried at 70°C and weighed. The shoot assays on all BF slag-amended soils and control were performed at the same time in the same growth chamber. The freshly spiked and aged soils were placed in the same chamber at identical conditions and were planted with the same stock of seeds.
Soil and plant analysis
The vanadium concentrations in the amended soils were determined by aqua regia digestion on one replicate per soil treatment. For quality control, reference samples with values of aqua regia-soluble vanadium, the standard reference material NRC Canada LKSD-4 with a vanadium concentration of 32 mg V kg -1 [33] and the soil sample WEPAL 921 with a consensus vanadium concentration of 51.2 mg kg -1 [34] were included. The range of recoveries was 87-104%.
The concentration of dissolved vanadium in the soils was determined for all three vanadium treatments. The soils amended with BF slag were subjected to CaCl 2 extractions in which 20 g of soil was equilibrated with 20 mL of 0.01 M CaCl 2 (two replicates per soil treatment). The suspensions were equilibrated in an end-over end shaker for 24 hours and the supernatant was subsequently isolated by centrifugation (3000 g for 15 min) and membrane filtration (0.45 µm). For the freshly spiked and aged soils, the dissolved vanadium concentrations were determined by extraction of the pore water by centrifuging the soils at 3000 g [25] . All solutions were analyzed for major elements and vanadium (ICP-OES, Perkin Elmer Optima 3300DV, vanadium measured at 290.880 nm), dissolved organic carbon (non-purgeable organic carbon, Analytik Jena Multi N/C 2100) and pH.
Extractions with 0.01M CaCl 2 were also performed on some of the freshly spiked soils (dose 32 mg V kg -1 , Pustnäs and 320 mg V kg -1 , Säby) and the aged soils (320 mg V kg -1 , Säby) to compare the vanadium composition between the two types of extracts. The CaCl 2 extracts underestimated the vanadium concentration in the pore water by a maximum of factor two, and the two extraction methods were considered compatible.
The vanadium concentration in the dry barley leaf shoots was obtained after digestion of 200 mg of plant material (two replicates per soil treatment) in 1 mL of nitric acid at 140 ºC. The digests were diluted and the major elements and the vanadium concentrations were measured (ICP-OES).
Statistical analysis
The effects of BF slag on barley shoot growth were determined by Dunnett's test (p < 0.05). The growth of barley shoots in the soils amended with BF slag was compared to that in the soil with no BF slag addition. 
The standard error on RBA V is:
The relative bioavailability (RBA) term is used by US-EPA and describes the fraction of a contaminant that is absorbed into the body from soil ingestion as compared to the fraction that is absorbed from a reference material, e.g. soluble metal added to a diet. In our case, the reference material is the freshly spiked soil. A similar approach was used by Smolders et al. [35] when they evaluated the leaching-ageing factor quantifying the differences in ED10 values between freshly spiked and aged soils. An RBA factor below unity indicates reduced bioavailability in relation to the freshly spiked soils.
Results and discussion
Vanadium concentrations and speciation in slags and soils
Vanadium is generally not considered in the risk assessments of trace elements from ferrous BF slags due to the low concentrations [3, 7] . However, the BF slags used in this study, M-kalk and Merit 5000, were high in vanadium because of naturally high vanadium levels in the iron ore [4] . The total vanadium concentrations in the M-Kalk and Merit 5000 were 803 and 783 mg kg -1 respectively, of which 85 and 72 % was recovered by aqua regia digestion (Table 1 ). These concentrations were higher than those normally reported for BF slags, <500 mg V kg -1 [6, 8] . Also, the aqua regia-extracted vanadium concentrations in the slags were between 13 and 24 times higher than the concentration in the two soils, Pustnäs and Säby, which contained 28 and 43 mg V kg -1 respectively ( Table 2 ). These concentrations are close to the median vanadium concentration in European top soils, being 33 mg kg -1 [22] .
Vanadium speciation in the BF slags was evaluated by vanadium K edge XANES spectroscopy. The spectra of the measured standards were in accordance with the literature [29, 36] showing an increase in pre-edge peak intensity and E 1/2 with increasing oxidation state (Table S1 ). When the pre-edge peak intensity and the E 1/2 of the XANES spectra of the two BF slags were compared to those of the standards, it was possible to estimate the predominating valence state, which was +3 (Figure 1 ). The normalized pre-edge peak intensity of both slags was 0.06, which was somewhat lower than the one of the V 2 O 3 standard (0.12). Further, the E 1/2 of M-Kalk and Merit 5000 was +11.8 eV and +12.1 eV relative to E 0 respectively, which can be compared to the V 2 O 3 standard for which E 1/2 was +11.9 eV. In the blast furnace, iron oxides are converted to metallic iron under high temperature (~1500ºC) and reductive conditions. Hence, the occurrence of low vanadium valence states in the blast furnace slag is expected. As the E 1/2 and the pre-edge peak intensity of the vanadium K-edge XANES spectra are positively correlated [29] , they are commonly compared to vanadium standards to establish vanadium valence states [36, 37] . Vanadium(II) lacks a pre-edge peak [29] and the intensities of the pre-edge peaks in the BF slag spectra were half of the intensity measured in the V 2 O 3 standard. However, they corresponded well to the intensities reported for vanadium(III) compounds in the literature, ranging from 0.06 to 0.08 [26, 29, 38] . The E 1/2 of the slags was in the same range as the V 2 O 3 standard. Hence the most probable conclusion is that the BF slags mainly contain vanadium(III). Possibly there may be a minor contribution from vanadium(II), but this cannot be confirmed from the obtained spectra. Vanadium speciation in soils is important from a toxicological point of view since the pentavalent vanadate is the most harmful form of vanadium [20, 21] . The vanadium oxidation state in the slags was dominated by vanadium(III), but water leachates of M-Kalk and Merit 5000 consisted mainly of vanadium(IV) (Figure 2 , Table 3 ). In the sorption experiments performed on the two soils, the Säby soil, which had the highest clay content, sorbed a larger fraction of the added vanadium than the sandy Pustnäs soil. The vanadium valence state in the equilibrated solutions was predominantly vanadium(V), more than 95 % for Pustnäs and about 70 % for Säby (Table 3 ). Vanadium speciation in the solutions was independent of the vanadium valence state (vanadium(IV) or vanadium(V)) of the salt that was added to the soil. Additional vanadium K-edge XANES spectra of the soils showed that the native vanadium in the reference soils mainly consisted of vanadium(IV) (Supplementary content). In soil samples to which vanadate(V) had been added, the oxidation state increased to between +4 and +5, indicating that most of the added vanadium remained as vanadate(V) in these soils, which is in agreement with the solution speciation results.
In soils, only vanadium in the oxidation states +4 and +5 are expected to be leached [17] . As shown in the sorption experiments, vanadium(V) dominated in the soil extracts. Further, vanadium speciation was independent of the vanadium species added to the soils, illustrating that oxidation/reduction reactions occur rapidly. This observation is consistent with the study of Wehrli et al. [39] who showed that the redox reactions of vanadium are fast and catalyzed by surface reactions involving e.g. Fe (hydr)oxides in the soil. The predominance of vanadium(IV) in the slag leachates may be due to the reducing conditions under which the slag was formed. Laboratory column tests performed on BF slags have shown that the redox potential is lowered due to the buffering by e.g. sulphide present in the slag [8] . When the slag is mixed into a soil, the redox potential is 
Soils amended with blast furnace slag
The vanadium recovery in the soils amended with BF slag was evaluated by comparing the aqua regia extracted Hence, it would be unrealistic to suppose that the unrecovered vanadium was due to leaching and the low recovery is therefore likely an analytical error. M-kalk had a larger grain size compared to Merit 5000 (Table 2) , which may have caused a more uneven spreading of the vanadium in the soil. The soil pH increased gradually with slag dose from about pH 5.5 (control) to pH 8 (29 % BF slag addition).
Additions of 5 % CaCO 3 yielded a pH value close to the 10 % slag application. There was no general trend in dissolved organic carbon concentrations for the different slag additions (details not shown). sandy Pustnäs soil. It has previously been shown that the Säby soil has a higher vanadium sorption strength compared to the Pustnäs soil [15] . This was also observed in the sorption experiments (Table 3) , in which the Säby soil sorbed a higher percentage of the added vanadium than the Pustnäs soil. The results of the plant growth assays confirmed earlier observations that toxicity assays performed on soils freshly spiked with metal salts have a relatively large fraction of bioavailable metal [35] . The EC50 values for barley plants grown in freshly spiked Pustnäs and Säby soils were 87 and 230 mg V kg -1 soil respectively [15] .
Plant growth and vanadium uptake
The threshold values increased to >180 and 530 mg V kg -1 after 10 months of ageing [25] . In comparison, the BF slag-amended soils reached a maximum soil vanadium concentration of 150 mg V kg -1 soil. Plant growth was significantly reduced only in one treatment (Säby soil amended with 29 % M-kalk). However, in this treatment, the soil solution and plant vanadium concentrations were lower than those required to cause toxicity in the aged soils. Hence, the significantly lower plant biomass was most likely due to other reasons, such as changes in physical properties of the soil or increased pH, which might have induced trace element deficiency.
There was a linear relationship between the vanadium concentrations in the plants and the aqua regia-extractable vanadium concentrations in the soils (Figure 4) . The linear regression lines were statistically significant for all treatments in the Pustnäs soil but only for the freshly spiked Säby soil. The slopes of the regressions were steeper in the freshly spiked soil than in the slag amended soils. The bioavailability of the aqua regia-soluble vanadium in the BF slag amended soils, relative to the freshly spiked soils (RBA V ) was between 0.08 and 0.32 ( Table 4 ).
The lowest RBA V was found in the Pustnäs soil, for which the absolute bioavailability (barley shoot vanadium concentration) was highest. Concerning the aged soils, the RBA V of the aged Pustnäs soil was higher compared to the same soil amended with BF slags. For the Säby soil, the RBA V values were not significantly different from zero as the increase in plant vanadium was not statistically significant with the exception of the freshly spiked soils. When data from all treatments were combined, the plant vanadium concentration was better related to the dissolved vanadium concentration in the soil than to the aqua regia-soluble soil vanadium ( Figure 5 ). This is consistent with a previous study in which we proposed that the dissolved vanadium concentration in the soil solution is a better estimate for the toxic vanadium dose in different soils compared to the aqua regia-soluble soil vanadium concentration [15] . This observation is again confirmed for different sources of vanadium, soils and ageing times. This suggests that the uptake of vanadate(V) from the soil solution, within the ranges tested in this study, is not largely affected by the pH or other anions competing with vanadate(V) uptake (e.g. H 2 PO 4 -). Hence, it would be more accurate to base risk assessments on the vanadium concentration in soil solution.
The low RBA v values in the BF slag-amended soils indicated that only a small fraction of the added vanadium had been leached from the slags during the ageing period. Ten months of incubation is however a relatively short period of time to estimate long-term reactions between the BF slag and the soil. The availability tests carried out by Fällman and Hartlén [8] showed that 10 % of the vanadium may be leached from BF slags. However, these authors also pointed out that the properties of the weathered slag may change over time, which could affect the leaching properties. Previously established vanadium EC10 values for the freshly spiked Pustnäs and Säby soils ranged from 10 to 250 mg added V kg -1 soil [15] . M-kalk is a material intended for soil amendments and a 1 % addition is a realistic dose. If, however, repeated large applications occur over a long-term perspective this may lead to vanadium additions that exceed the EC10 threshold values expressed on a mg added vanadium kg -1 soil basis. However, this study showed that the total vanadium concentration is a poor predictor of the bioavailability of vanadium and that soil solution should be the basis to estimate the risk of vanadium in slag amended soils. (Figure 2) . b The relative vanadium availability factor (RBAV) is the ratio of slopes to that of the freshly spiked treatments, i.e. the factor bioavailability (with standard error) of aqua regia soluble vanadium in the soil relative to that in corresponding freshly spiked soils.
Conclusion
The toxicity tests that were performed on barley shoots grown in vanadium-rich soils, through BF slag amendments, showed no negative impact on barley shoot growth due to vanadium. The vanadium pore water concentration is a better indicator when evaluating the risk of vanadium toxicity, compared to the current practice of using guidelines based on total soil concentrations. For BF slags, the low vanadium dissolution suggests a limited risk of vanadium toxicity when applied at low doses. Repeated large applications of BF slag may increase the risk but this should be evaluated on the basis of soil solution vanadium concentrations to identify acceptable doses. Table S1 . Vanadium K-edge XANES properties of standards, BF slags and the Pustnäs and Säby soil Table S1 . Table S1 .
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